Introduction: Osteoporosis and tooth loss have
INTRODUCTION
Osteoporosis is a systemic disease characterized by reduced bone mass and a thinning of the trabecular architecture that often leads to increased bone fragility and subsequent fracture [1, 2] . A primary cause of osteoporosis in women arises from a drop in estrogen levels after menopause. This drop in estrogen levels has also been associated with an increase in the loss of teeth and resorption of alveolar bone [3, 4] . Osteoporosis is detected with the use of X-ray and other more advanced methods, such as dual-energy X-ray absorptiometry (DXA). However, osteoporosis is rarely detected in patients prior to their first fracture. With an aging population, this will likely place a substantial burden on the medical system in future years. Therefore, it will be important to be able to detect osteoporosis before the occurrence of fracture.
The first link between osteoporosis and bone loss in the oral cavity was established by Groen et al in the 1960s [5] . The jawbone, despite its uniquely discrete location and function, remains part of the skeletal system and is metabolically regulated along with other aspects of the skeleton, including the vertebrae and long bones-sites frequently prone to osteoporotic fracture. The association between osteoporosis and tooth loss is still a contentious issue because of mixed results in the literature, and studies have yet to show conclusively an association between osteoporosis and the loss of periodontal attachment, the loss of teeth, and/or changes to the residual ridge. Two studies by Krall et al. [3, 4] and another by Taguchi et al. [6] found positive associations between tooth loss and reduced bone mineral density (BMD) in postmenopausal women. Moreover, recent work has established a link between tooth loss, periodontal disease, and osteoporosis [7] [8] [9] [10] [11] . However, others failed to report similar associations for both periodontal disease and tooth loss with BMD measurements [12, 13] . Consequently, elucidating the relationship between oral health and osteoporosis is still an important clinical research focus in the field of dentistry. Various techniques have been used to assess BMD within the mandible, including DXA, quantitative computed tomography (qCT) and radiographic absorptiometry, as well as standard intraoral radiographs and panoramic radiographs employed in dental clinics [9] .
These techniques are used to detect changes in the normal anatomy and bone density of the jaw by measuring aspects such as alveolar crest height [8] , mandibular trabecular pattern [14, 15] , buccolingual distance of the alveolar process [16] , and mandibular cortical indices [17] [18] [19] [20] [21] .
An increasing number of studies have examined BMD changes in the mandible. A study by Pluskiewicz et al. [22] in 2000 assessed the relationship between BMD in the mandible, hip, calcaneus, and hand phalanges in 36 female subjects. They found that BMD of the mandible significantly decreased with years since menopause (YSM), age, and body size in a stepwise multiple linear regression analysis, concluding that the mandible may be an appropriate site for assessing BMD in the diagnosis of osteoporosis [22] . In addition, using ovariectomized monkeys, a study by Binte Anwar et al. [23] showed an increase in fragility of the trabecular bone in the molar alveolar bone concomitant with decreased BMD in the lumbar bone, as measured using DXA.
More recently, Miliuniene et al. [24] sought to compare mandibular cortical bone height with measurements of BMD of the lumbar vertebrae in an effort to use jaw BMD for fracture prediction.
Despite these efforts, the ability to predict the incidence of osteoporotic fractures based on jawbone measurements has not been accomplished [25] [26] [27] . This is possibly due to technical limitations with measuring jaw BMD.
The use of advanced methods, such as DXA and peripheral qCT, has posed serious difficulties on account of the complex and limited space around the jaw, as well as the potential risk for high local radiation exposure to neighboring vital structures, particularly in the head and neck. A precise and accurate computed radiogrammetry method has been developed to measure dental alveolar bone (Bone Right Ò , Dental Graphic Ltd, Himeji, Japan) that overcomes the difficulties associated with other methods [28] [29] [30] . This technique has been used extensively since 2003, procuring accurate measurements of al-BMD by pasting dental X-ray films with an aluminum wedge.
Unlike the method devised by Kribbs et al. [10] for the simple analogous comparison between the wedge and the bone, the aluminum wedge film was employed for normalization and standardization of the data in this new method. The significant correlation between age and decreased measurements of al-BMD in normal ambulant subjects deemed this a promising method for the evaluation of osteoporosis and risk of fracture [28] [29] [30] .
From the current literature, it is conceivable to assume that BMD measurements of the jaw could act as a predictive indicator of skeletal bone density and the potential risk of developing osteoporosis. The use of jawbone density as a proxy marker could circumvent the need for lumbar bone measurements and we hypothesize that jaw BMD measurements, taken routinely during dental examinations, may indeed be able to predict the risk of osteoporosis better than lumbar BMD measurements. In the present study, we tested the utility of the Bone Right 
METHODS

Subjects
Female volunteers were recruited unselectively in chronological sequence from a series of patients who had consulted a dental clinic for A height loss of 3 cm was chosen as a cutoff value, because it is widely used in the clinical setting as supportive evidence of the incidence of spinal fracture. None of the subjects with spinal fracture had a history of a severe fall or evidence of infection or neoplastic invasion of the spine, suggesting that the cause of fracture in these patients was osteoporosis.
Lumbar BMD (L-BMD) was measured by dual-energy X-ray absorptiometry (DXA) (QDR 4500W, Hologic Inc., Bedford, MA, USA), expressed as a mean of the bone density measured for lumbar vertebrae L1-L4 (g/m 2 ).
Alveolar Bone Measurements
Computed radiogrammetry of the dental alveolar bone was performed according to the Bone Right Ò method reported by Takaishi et al.
[ [28] [29] [30] . Using a thin adhesive aluminum step wedge pasted on the X-ray film, pictures were taken of the regions around the first right mandibular premolar tooth, taking special care to place the X-ray tube vertical to the film. After exposure, the dental X-ray film was imported digitally using a scanner ( 
Chemical Assays
Bacteriological studies on periodontal disease, including BANA test, were also carried out. Negative results were obtained, making the presence of active periodontal disease unlikely. Bone turnover markers, urinary , and alkaline phosphatase were also measured. DPD was measured by high-speed liquid chromatography (HPLC), as previously described [32] , and serum bone-specific alkaline phosphatase (BAP) was determined by immunoradiometric assay (IRMA), also as previously described [33] .
Statistical Analysis
We arranged factors related to age, body size, bone size, and BMD in descending order, with the expectation that these factors would increase the fracture risk (Tables 1, 2 ). These potential risk factors were then compared with the actual incidence of fracture among the 30 female subjects. To examine the effect of age as a risk factor, age was presented in two measures: (1) '100-Age' (100 minus age) was used instead of the actual patient age, and (2) '50-YSM' (50 minus number of years since menopause) was used instead of years since the onset of menopause; these parameters were used to make it easier to assess the influence of advancing age versus reductions in body size and bone density on osteoporosis. A correlation matrix was then constructed for these factors as well as the presence or absence of fracture (Table 3) . A receiver operating characteristics (ROC) curve was then constructed to evaluate the contribution of each of these factors on the presence of fracture (Fig. 3) , with calculation of area under the curve (AUC) and probability of asymptomatic significance (PAS). All statistical analyses were performed using SPSS Ò 10.1 3J
(SPSS Inc., Chicago, IL, USA) and Excel 
Prediction Formula for Fracture
The prediction formula for fracture is as follows:
where Y is the degree of fracture (-1.5 B Y B 1.5).
x 11 , x 12 , x 21 , and x 22 are:
x 22 :x 21 = 1 (al-BMD C84.9), x 12 = 0 (al-BMD \84.9) a 11 , a 12 , a 21 , and a 22 are the category weight scores indicating the degree of contribution of fracture.
RESULTS
All subjects, including those with fracture episodes, were arranged in the order of expected importance of risk factors: age factors All data are represented as the mean ± standard deviation (SD). Subjects were allocated to two groups: subjects 1-15 represent those who were likely to sustain a fracture as compared to subjects 16-30, who were less likely. LU = 1.0 in a case where the proposed predictors for fracture are completely meaningless, or fracture occurs regardless of the prediction.
100-Age 100 minus the age of the subject (where a smaller number reflects an older average age), In the ROC analysis (Fig. 3) for L-BMD(T) (Fig. 4) .
50-YSM
DISCUSSION
Numerous studies have been conducted to assess jaw BMD compared with other bony sites and to determine whether a relationship exists between osteoporosis and periodontal disease, tooth loss, and/or other disease states [2-9, 15, 17-27] . The aim of this study was to test the efficacy of measuring al-BMD using the Bone Right Ò method to predict fracture incidence. Using a multivariate analysis, as well as a correlation matrix and ROC analysis, we sought to determine an association between the incidence of fracture and other potential risk factors, including age, body size, and bone size, using al-BMD and L-BMD measurements. We also aimed to determine whether measurements of alveolar bone density could predict bone loss and thereby the risk of osteoporotic fracture with more accuracy than measurements taken with The association between al-BMD and fracture is evident. ROC curves for age (expressed as 100-Age in years), age after menopause (expressed as 50-YSM), alveolar bone thickness (al-T) as buccolingual distance measured by digital Nogis scale, and body mass index (BMI) calculated as weight (kg)/height (m) 2 9 100. Contributions of 100-Age (0.023), al-T (0.052), 50-YSM (0.368), and BMI (0.225) were also significant. 100-Age 100 minus the age of the subject, 50-YSM age (years) since menopause, AUC area under the curve, PAS probability of asymptomatic significance, ROC receiver operating characteristics on calculation of PAS, SE standard error of the mean
DXA of the lumbar vertebrae, L1-L4 (L-BMD[T]).
Our results showed that both al-BMD and L-BMD(T) were closely related to the incidence of systemic fracture. Using the multivariate analysis, al-BMD had a fracture prediction accuracy rate of 86.7% compared with 76.7%
for L-BMD(T). This was determined using the prediction formula, as follows: While we generated a substantial amount of information in this study, we fell short of being able to predict the occurrence of systemic fracture based on the BMD of the alveolar bone in this cohort of 30 postmenopausal women.
However, the computed radiogrammetry developed by Takaishi et al. [28] [29] [30] has resulted in a remarkable step forward over previous attempts to gain an understanding of the association between jaw BMD, tooth loss, and osteoporotic fractures. The BMD measured at the right first molar tooth within the alveolar bone showed a highly significant regression with age (brightness = 166.8 -1.3 9 age, r = 0.65, P\0.0001). The atypically high al-BMD in this site was restricted to the sites of bisphosphonate-associated necrosis and postradiation-associated necrosis; the sensitivity of this method thus revealed links to necrosis in relation to subtle changes in bone loss, which had so far escaped detection using other methods [28] . This may be explained by an earlier onset and more rapid progression of bone loss in the alveolar bone than in the spinal column. and disc degeneration, which begin to appear after middle age or following excessive and/or many years of intense exercise. This incidence of degenerative changes with advancing age can artificially increase the apparent BMD in these patients and interfere with the ability to make an accurate estimation of the risk of fracture. No such problem is found for alveolar bone measurements. Therefore, the early identification of jawbone loss would provide an effective 'alarm system' for identifying similar bone loss elsewhere in the body that may not be as easy to detect.
There were several limitations to this study. First, this study had a one-point retrospective observational design without an adequate follow-up. A prospective trial should be conducted before the utility of this method can be validated as a potential screening tool.
Second, we were able to recruit only a small number of test subjects in this study, with just over half having sustained a fracture. While we recruited these patients unselectively and in chronological sequence, the fracture incidence in these subjects was remarkably high. This high incidence of fracture was unexpected, even with a Japanese cohort.
Japan is known to have a higher overall incidence of fracture owing to the lifestyle and diet of the population. In 279 cases of postmenopausal women, 30.5% were observed to have a prevalent fracture, while 10.4% were observed to have incident fracture [34] . However, since epidemiological studies have previously focused on the incidence of hip and spinal fracture, it is possible that the actual incidence of fracture from minor 
